1.. INTRODUCTION
================

The single-breath nitrogen washout test provides three useful pieces of information: (a) an estimate of anatomical dead space; (b) an assessment of the distribution of ventilation, and (c) a measure of closing volume \[[@R1]\]. In this test the patient takes a single vital capacity inspiration of pure oxygen and then exhales slowly to residual volume (RV). The exhaled volume and the nitrogen concentration in that volume are measured to obtain the nitrogen-washout curve. The shape of the curve is generally characterized by four phases \[[@R2]\]. At the beginning of expiration (phase I), lung volume changes but the nitrogen concentration in the exhaled volume is zero, as nitrogen-free gas (pure oxygen) leaks out of the anatomical dead space. Then there is a sudden increase in nitrogen concentration making the nitrogen washout curve S-shaped (phase II). This phase represents the transition between emptying of the dead space and the arrival of mixed alveolar gas. During midexpiration, when mixed alveolar gas is emptied from all parts of the lungs, the nitrogen washout curve is relatively straight (phase III). The expired gas of the initial part of phase III usually has a lower nitrogen concentration than that of the latter part, so that a gas concentration change is observed during this phase. Finally, an abrupt rise in nitrogen concentration is observed at the end of expiration (phase IV) due to a drastic change in rates of emptying of different parts of the lungs. During phase III, the average slope of the curve for normal lungs does not exceed a 1.5% increase in nitrogen concentration per 500 ml of expired volume for an interval of expired volume between 750 and 1250 ml below total lung capacity \[[@R2]\]. Increases in phase III slope are generally regarded as a marker of small airway alterations. This slope is influenced by a variety of factors \[[@R3]\], but the quantitative effect of the different mechanisms is not clear. A key mechanism seems related to inhomogeneities in the conducting airways at branch points, generating concentration differences between parallel lung units, which fill and empty in sequence. Another more peripheral mechanism may occur in the intra-acinar airways, where asymmetry of acinar structure generates intra-acinar concentration differences.

Approaches based on lung models have been widely used to reproduce the effects of lung inhomogeneities on the single breath washout test since Pardaens *et al,*\[[@R4]\] simulated asymmetries in the lung-airways system using a model with two parallel branches having the dimensions of Weibel's \[[@R5]\] fifth bronchial generation and elastic properties representative of bronchioles. In particular, various studies have been carried out to investigate the generation of phase III assuming asymmetry at acinar level \[[@R6]-[@R9]\]. Dutrieue *et al,*\[[@R9]\] analyzed the intra-acinar contribution to the alveolar plateau for gases of differing diffusivities, using a multi-branch-point model of the human acinus that took diffusive and convective gas transport into account. They proved that phase III slope increases were greatest when asymmetry and variability of asymmetry increased in airways of the respiratory region characterized by different gas diffusion fronts. The study is interesting because it points out the sensitivity of phase III slope to the diffusive mechanism in asymmetric airways. However it does not consider the role of inhomogeneities in conducting airways that may greatly influence the phase III time course.

Kaneko \[[@R10]\] proposed a model characterized by an upright lung with 12 horizontally sliced regions to simulate simultaneous helium and nitrogen single-breath washout. Although the model aims to account for the effects of inhomogeneous lung elasticity and unequal critical airway closing pressure, it does not completely consider mechanisms due to inhomogeneities occurring at branch points in the conducting airways and is limited to analysis of the quasi-static condition. A much more anatomically accurate three-dimensional model was used to directly analyze the influence of conducting airway asymmetry on the slope of the alveolar plateau in phase III of the gas washout curve normalized by the average expired concentration of resident gas \[[@R11]\]. However, despite its complexity, the model considers each branch of the bronchial tree as a cylinder of constant diameter and therefore does not account for dynamic airway modifications occurring during inspiration and expiration. An accurate morphometric description of the tracheobronchial tree would actually require a vast number of model equations and parameters which would may make it very difficult to consider fundamental phenomena influencing dynamic system behavior. Approaches based on functional models may overcome such problems, providing a realistic, effective and much simpler description of the system.

Arieli *et al* \[[@R12]\] proposed a functional three-compartment viscoelastic model of the lungs, intended to consider the effect of heterogeneity of pressure-volume properties of lung units and the effect of heart beat on expired nitrogen, but the model ignores the characteristics of the intermediate airways which may strongly influence expiratory pattern \[[@R13]\]. Hook *et al* \[[@R14]\] compared a variety of elementary functional models for simulating single-breath washout of insoluble gases. Although these models use a very simple description of the bronchial tree, the results indicate that the slope of the alveolar plateau is closely related to models featuring unequal distribution of diffusive conditions and/or unequal specific ventilation of parallel compartments. The basic role played by structural and functional lung inhomogeneities during phase III was confirmed by a paper in which single-breath nitrogen washout curves were simulated using a lung deformation model, in which the lung was regarded as a porous elastic body similar to a sponge \[[@R15]\]. Although the model seems to reproduce the effects of gravity on lung deformation, it fails to mimic phase III slope because it does not account for lung inhomogeneities.

In the present study, we introduce a nonlinear dynamic functional model of breathing mechanics to investigate the manner in which inhomogeneities of the bronchial tree may influence phase III slope. The proposed model, based on previous work \[[@R13],[@R16],[@R17]\], reproduces respiratory mechanics during spontaneous breathing both in tidal breathing and the single-breath nitrogen washout test. It incorporates two parallel zones and accounts for different properties of upper, intermediate and smaller airways, thus taking series and parallel inhomogeneities of the bronchial tree into consideration. Physiological and pathological conditions are simulated to reproduce different single-breath nitrogen washout curves and the role of lung inhomogeneities in determining different shapes is discussed. The simulation results obtained by this model provide useful information for pathophysiological interpretation of the results of single-breath nitrogen washout tests.

2.. METHODS
===========

In the model, parallel heterogeneity is considered by simply dividing the pulmonary system, including the acini, into two parallel zones, hereafter referred to as Z1 and Z2, characterized by different mechanical properties. Identical values of pleural pressure (*P~pl~*(*t*)) are assumed throughout the lungs.

The model structure might be easily modified to simulate more complex parallel inhomogeneities, by including more than two parallel zones.

2.1.. Tracheobronchial Tree Model
---------------------------------

For each zone, the tracheobronchial tree is divided into conductive and respiratory regions that include the first 16 generations and the last 7 generations, respectively, of the Weibel representation \[[@R5]\]. The conductive region is further divided into three segments in series, characterized by different mechanical properties:

-   upper airways, i.e. airways between mouth and lobar bronchi (generations 0-4);

-   intermediate airways, which in the present model include the airways between segmental bronchi and small bronchi (generations 5-11) and the first generations (12-14) of terminal bronchioles;

-   smaller airways, i.e. the last conducting airways (generations 15-16).

Since the model equations are the same for each zone, we give the relationships in a generic zone Zi, where i = 1, 2. All the zones originate from the mouth, therefore total mouth flow rate ($\overset{\cdot}{v}$) is given by the sum of flow rates (${\overset{\cdot}{v}}_{\mathit{Zi}}$) leaving Z1 and Z2.

Upper airways are described as in the Barbini model \[[@R13]\] using a nonlinear Rohrer resistor \[[@R18]\], *R~uZi~* (see **Appendix**).

The intermediate airways are represented as a collapsible segment of constant length \[[@R13]\], the volume (*v~cZi~*) of which varies with transmural pressure (*ptm~Zi~*) according to a sigmoidal elastic curve based on that proposed by Lambert \[[@R19]\] (see **Appendix**). Elastic and viscous properties of this segment are modeled by non linear elastance (*E~awZi~*) and non linear resistance (*R~iZi~*) given by the equations:

$$E_{\mathit{awZi}} = \frac{\mathit{dpt}m_{\mathit{Zi}}}{dv_{\mathit{Zi}}}$$

$$R_{\mathit{iZi}} = \frac{k_{3\mathit{Zi}}}{{v_{\mathit{cZi}}}^{2}}$$

where *k*~3*Zi*~ is a constant.

Smaller airways are represented by a nonlinear resistance (*R~sZi~*) which increases when transpulmonary pressure (*p~ElZi~*, i.e. difference between alveolar pressure and pleural pressure) and consequently alveolar volume decrease. If *p~ElZi~* falls below a set threshold (*p*~t*sZi*~), the smaller airways are assumed to collapse (see **Appendix**).

Finally, the respiratory region was modeled as a parallel combination of a spring and dashpot. According to previous findings \[[@R13],[@R16]\], its resistance (*R~lZi~*) increases as alveolar volume (*v~lZi~*) decreases, as follows

$$R_{\mathit{lZi}} = \frac{k_{\mathit{4Zi}}}{v_{\mathit{lZi}}}$$

where *k*~4*Zi*~ is a positive constant.

The elastance of the alveolar space (*E~lZi~*) is obtained by differentiating *p~ElZi~* with respect to *v~lZi~*, where the relationship between *v~lZi~* and *p~ElZi~* is represented by an exponential curve based on the Glaister equation \[[@R20]\] (see **Appendix**).

The differential equations describing respiratory region dynamics are:

$$\frac{\mathit{dpt}m_{\mathit{Zi}}}{\mathit{dt}} = - E_{\mathit{awZi}}\left( {{\overset{\cdot}{v}}_{\mathit{Zi}} - {\overset{\cdot}{v}}_{\mathit{lZi}}} \right)i = 1,2$$

$$\frac{dp_{\mathit{ElZi}}}{\mathit{dt}} = - E_{\mathit{lZi}}{\overset{\cdot}{v}}_{\mathit{lZi}}i = 1,2$$

The initial values of *ptm~Zi~* and *p~ElZi~* (*i* = 1,2) were assumed equal to --*P~pl~*~TLC~, where *P~pl~*~TLC~ is pleural pressure at TLC.

Flow coming out of the *i*-th zone is

$$\begin{matrix}
{{\overset{\cdot}{v}}_{\mathit{lZi}} = \frac{p_{\mathit{ElZi} -}\mathit{pt}m_{\mathit{Zi}}}{R_{\mathit{sZi}} + R_{\mathit{lZi}}}\quad\mathit{for}\quad p_{\mathit{ElZi}}\mathit{pts}\quad\mathit{Zi}\quad\mathit{or}\quad P_{\mathit{pl}}\quad - \mathit{ptsZi}} \\
{{\overset{\cdot}{v}}_{\mathit{lZi}} = 0\quad\mathit{else\ \quad\ where}} \\
\end{matrix}$$

while flow coming out of the alveolar space is

$$\begin{matrix}
{{\overset{\cdot}{v}}_{\mathit{lZi}} = \frac{p_{\mathit{ElZi} -}\mathit{pt}m_{\mathit{Zi}}}{R_{\mathit{sZi}} + R_{\mathit{lZi}}}\quad\mathit{for}\quad p_{\mathit{ElZi}}\mathit{pts}\quad\mathit{Zi}\quad\mathit{or}\quad P_{\mathit{pl}}\quad - \mathit{ptsZi}} \\
{{\overset{\cdot}{v}}_{\mathit{lZi}} = 0\quad\mathit{else\ \quad\ where}} \\
\end{matrix}$$

The electrical analog of the above-described nonlinear lumped model of the human lung is shown in Fig. (**[1](#F1){ref-type="fig"}**).

Equations describing how pleural pressure varies during tidal respiration and during the single breath nitrogen washout test are reported in **Appendix**.

2.2.. Nitrogen Concentration During the Single-breath Washout
-------------------------------------------------------------

In this model, it is assumed that the conductive region contains pure oxygen at the end of the vital-capacity inspiration of pure oxygen, while both oxygen and nitrogen are present in the respiratory region. The quantity of nitrogen contained in the respiratory region of each zone, Zi, is equal to that contained in Zi before the vital-capacity inspiration, i.e. equal to the nitrogen fractional concentration in air (assumed equal to 0.8), multiplied by RV~*Zi*~ (the volume of Zi at RV). If we consider that the air volume of the global respiratory region at TLC is very near to total lung capacity, the nitrogen fractional concentration in the respiratory region of each zone at the end of the vital-capacity inspiration of pure oxygen can be calculated as

$$F_{\mathit{N2lZi}} = 0.8.\frac{RV_{\mathit{Zi}}}{\mathit{TL}C_{\mathit{Zi}}}$$

where TLC~*Zi*~ is the volume of Zi at TLC.

To investigate the manner in which inhomogeneities in the bronchial tree may influence emptying of mixed alveolar gas from all parts of the lungs, diffusive and convective gas mixing was assumed to be approximately complete within the respiratory region of each separate zone at the beginning of phase III. Hence, the fractional concentration of nitrogen in the respiratory region of the *i*-th zone (*F*~N2*lZi*~) was assumed constant during subsequent expiration, and the time course of fractional concentration of nitrogen in expired mixed gas (*F*~N2~) was calculated as the flow-weighted mean of concentrations leaving each zone, i.e.

$$F_{\mathit{N2}} = \frac{\sum\limits_{i = 1}^{2}{{\overset{\cdot}{v}}_{\mathit{lZi}} \cdot F_{\mathit{N2lZi}}}}{\sum\limits_{i = 1}^{2}{\overset{\cdot}{v}}_{\mathit{lZi}}}$$

Starting from the beginning of phase III, equation (9) shows that the concentration of nitrogen would be constant if its fractional concentration in Z1 and Z2 was the same (i.e. in the absence of inhomogeneities), irrespective of the airflows from the two zones. However, when the nitrogen concentrations in the two zones are different, the time course of the resulting concentration in the expired gas also depends on the airflows from the two zones. In fact, the total airflow rate from the respiratory region ${\overset{\cdot}{v}}_{l} = {\overset{\cdot}{v}}_{\mathit{lZ1}} + {\overset{\cdot}{v}}_{\mathit{lZ2}}$ can be considered constant, because the total expiratory flow is constant throughout the slow vital-capacity expiration. Thus the slope of the nitrogen concentration curve can be written as

$$\begin{matrix}
{\frac{dF_{\mathit{N2}}}{dv_{1}} = \frac{\frac{d{\overset{\cdot}{v}}_{\mathit{lZi}}}{\mathit{dt}}}{\left( {\overset{\cdot}{v}}_{l} \right)^{2}}\left( {F_{\mathit{N2lZ1}} - F_{\mathit{N2lZ2}}} \right)} \\
{\mathit{where}\quad v_{1} = v_{\mathit{lZ1}} + v_{\mathit{lZ2}}.} \\
\end{matrix}$$

Equation (10) shows that the slope depends on the concentration difference, the total airflow rate and the time variation of airflow from Z1. Of course, $\frac{d{\overset{\cdot}{v}}_{\mathit{lZ1}}}{\mathit{dt}} = - \frac{d{\overset{\cdot}{v}}_{\mathit{lZ2}}}{\mathit{dt}}$ because the total expiratory airflow is constant.

2.3.. Simulation Setting
------------------------

Three different conditions were simulated by the nonlinear model of Fig. (**[1](#F1){ref-type="fig"}**). A first case (Normal in Table **[1](#T1){ref-type="table"}**) was defined as reference and was characterized by airway-parameter values for normal conditions of breathing mechanics during spontaneous ventilation (see West \[[@R2]\]). Next, we considered two altered conditions, in an attempt to simulate two levels of disease that may exhibit increased lung inhomogeneity (Patho 1 and Patho 2 in Table **[1](#T1){ref-type="table"}**). These two conditions have been simulated by modifying the model parameters according to qualitative knowledge related to the main mechanisms involved in the pathological changes of breathing mechanics.

Even though each of the millions of alveoli and terminal airways potentially could act as a separate mechanical unit, it is known that, in a pair of normal lungs, the vast majority of these units behave as a single homogeneous entity that includes most lung volume. The few units with different characteristics represent a much smaller compartment, which has little influence on the overall behaviour of the system. Pathological changes can lead to substantial heterogeneity, i.e. abnormal pulmonary systems may require models containing significant combinations of different mechanical units. With reference to the model of Fig. (**[1](#F1){ref-type="fig"}**), this means that the influence and the weight of a second compartment becomes increasingly greater.

Small airways may suffer early changes, later extending to most bronchial airways. The alterations generally comprise two related diseases, chronic bronchitis and emphysema, one rarely occurring without some degree of the other. These changes lead to an increase in the resistance of involved airways, which is associated with a significant increase in residual volume and functional residual capacity, culminating in a chronically overinflated lung. To mimic such a scenario we accordingly modified the characteristics of the simulation model with respect to the normal case from the trachea to the respiratory zone.

In the normal case (see Table **[1](#T1){ref-type="table"}**), TLC and RV were about 6.4 and 1.6 l, respectively (conductive region volumes were neglected with respect to respiratory region volumes \[[@R5]\]). The percentage volumes of Z1 and Z2 at TLC (i.e. *v~lmaxZi~*/TLC·100, *i*=1,2) were equal to 20% and 80% of TLC, respectively, while the residual volumes of the respiratory region of the two zones (*vf~lZi~* *i*=1,2) were set at slightly different values. Finally, the parameters of each zone were defined so as to reproduce a healthy condition. Thus, during quiet breathing, the values chosen for the model parameters led to a resistance value of the conducting airways equal to about 2 cmH~2~O l^-1^ s for Z2. The resistance of Z1 was about 3 times larger, in agreement with the fact that the number of parallel conducting airways of Z1 is coherently less than that of Z2. The resistance value of the whole model (i.e., Z1+Z2) was equal to approximately 1.5 cmH~2~O l^-1^ s and the smaller airway resistance was negligible, corresponding to a typical normal condition.

For the pathological cases, the total lung capacity was set equal to the normal case, but the residual volume was significantly increased to reproduce pathological alterations. In particular, RV was 2.5 and 3.4 l for Patho 1 and Patho 2, respectively. Furthermore we increased significantly the weight of Z1, which in the normal case is very small and, therefore, has little influence on the overall behavior of the system. This was done by increasing the volume of the respiratory region of Z1 and simultaneously decreasing that of Z2 (see Table **[1](#T1){ref-type="table"}**). Thus, the proportion of Z1 grew from 20% to 40% of TLC passing from the normal case to Patho 1, and reached 55% for Patho 2.

Fig. (**[2](#F2){ref-type="fig"}**) shows the elastic characteristics (in terms of percentage volume) of the respiratory region of lung zones Z1 and Z2 in normal and pathological cases. The percentage volume of each zone (with respect to its maximum admissible volume, i.e. *v~lZi~*/*v~l~*~max*Zi*~·100) is plotted against transpulmonary pressure. With reference to Z1, Fig. (**[2](#F2){ref-type="fig"}**) shows that, for equal pressure, higher percentage volumes are reached by increasing the level of disease; thus, for high levels of disease, the respiratory region of Z1 is more stretched and this results in an overinflated lung. In order to simplify analysis, the elastic characteristics of Z2 was taken to be identical for all cases.

The values chosen for the model parameters corresponded to a remarkable increase in the resistance value of the entire model for Patho 1, and even larger Patho 2, also during quiet breathing. In particular, both Z1 and Z2 showed an increase in the resistances of conducting airways. For example, the resistance of Z2 was approximately 4 cmH~2~O l^-1^ s and 12 cmH~2~O l^-1^ s for Patho 1 and 2, respectively. This considerable increase was largely due to the consequences of significant changes in the smaller airways, whose resistance became no longer negligible passing from the normal case to Patho 1 and 2. From a qualitative point of view, this was fully consistent with pathological changes, which usually have an important impact on smaller airways. Less significant changes interested the upper and intermediate airways. In order to simplify the analysis, the elastic characteristics of the intermediate airways were taken to be equal for the three cases here considered (see Fig. **[3](#F3){ref-type="fig"}**).

The whole system was implemented in MATLAB-SIMULINK using a variable-step solver for stiff problems.

3.. RESULTS AND DISCUSSION
==========================

The results refer to single-breath nitrogen washout reproduced by the proposed functional model with an exhaled airflow rate (${\overset{\cdot}{v}}_{\mathit{0}}$) equal to 0.2 l/s for all cases considered. Fig. (**[4](#F4){ref-type="fig"}**) shows the fractional concentration of nitrogen in the exhaled volume starting from the beginning of phase III in normal and pathological simulated conditions. The obtained curves point out an almost constant percentage rate of increase in nitrogen concentration for a wide interval of expired volume in phase III of the test.

In the normal case, the slope of the single-breath nitrogen-washout curve remained almost constant for lung volumes from about 6.5 to 2.2 l. In this volume range the increase in nitrogen concentration during the test was about 1.1% per 1000 ml of expired volume. Toward the end of the vital capacity expiration (lung volume of about 2.2 l) there was an abrupt rise in nitrogen concentration, signalling the onset of airway closure or phase IV. The model results show that in this case the onset of phase IV can easily be identified by drawing a straight line through phase III and noting the last point of departure of the nitrogen trace from this line. In particular, the closing volume is equal to about 2.2 -- 1.6 = 0.6 l, which, for this case, corresponds to about 12.5% of the vital capacity, VC (VC = 6.4 -- 1.6 = 4.8 l). This value of closing volume is close to that of a young healthy man. In fact, in young normal subjects, the closing volume is about 10% of the vital capacity. It increases steadily with age and is equal to about 40% of the vital capacity at about the age of 65 years \[[@R21]\].

As in the normal case, the curve of Patho 1 showed two different phases (phase III and IV), but in this case the onset of phase IV could not be easily identified. For lung volumes from about 6.5 to 3.5 l the increase in nitrogen concentration was about 3.6% per 1000 ml of expired volume, indicating a pathological condition.

Finally, the curve of Patho 2 did not show two different phases. In particular, no significant change in the slope of the curve was observed from the beginning of phase III to residual volume (3.4 l in this case). The rate of increase in nitrogen concentration remained about constant at 7.7% per 1000 ml of expired volume, indicating a more severe pathological condition.

Fig. (**[4](#F4){ref-type="fig"}**) shows that in all cases the slope of the single-breath nitrogen-washout curve remained almost constant for lung volumes from about 6.5 to 3.5 l, but progressively increased with the severity of pathology. This indicates that the nitrogen concentration of the expired alveolar gas was much more uniform in the normal case, reflecting a much more uniform dilution of alveolar gas by the inspired pure oxygen. On the contrary, the slope increased dramatically as pathological condition deteriorated, reflecting uneven dilution of alveolar nitrogen by the inspired pure oxygen. It is well known that the single-breath nitrogen-washout curve is a reliable measure of uneven lung ventilation, which increases in most types of lung diseases \[[@R2]\]. The results obtained by the simulation suggest that the proposed model reproduces phase III of the test under different pathophysiological conditions. Moreover, the slope of phase III did not change appreciably when we used different values of ${\overset{\cdot}{v}}_{\mathit{0}}$ (less than 0.5 l/s \[[@R2]\]) to simulate a vital capacity expiration.

The reasons for the rise in nitrogen concentration in phase III are not fully understood \[[@R2]\] and the model may help to provide some insights. The values in Table **[1](#T1){ref-type="table"}** show that the percentage volume changes in Z1 corresponding to a vital capacity inspiration are 200%, 144% and 123% for Normal, Patho 1 and Patho 2 cases, respectively. This implies that the fractional concentration of nitrogen in Z1 at the end of vital capacity inspiration gradually increases between normal and increasingly severe cases. In other words, this zone has a significantly increasing concentration of nitrogen because there is less oxygen to dilute the gas. At the same time, the final volume of Z1 is 20%, 40% and 55% of total lung capacity for Normal, Patho 1 and Patho 2 cases, respectively. An increasing volume of gas with an increasing nitrogen concentration is therefore exhaled during vital capacity expiration as lung condition deteriorates.

The pattern of outflow from the respiratory region of Z1 and Z2 during phases III and IV (when present) of vital capacity expiration is shown in Fig. (**[5](#F5){ref-type="fig"}**) as a function of total lung volume (Please note that the volume is drawn with an inverse axis for consistency with the convention used for the single-breath nitrogen washout curves). At the beginning of phase III, expiratory flow came mostly from Z2 in all cases, while outflow from Z1 was close to zero. Outflow from Z1 then rose continually while that from Z2 decreased, so that their ratio increased significantly, approaching one towards the end of the expiration. This increase was accentuated by severe pathology. As a result, the nitrogen concentration in total exhaled flow and the slope of phase III increased between the normal case and the pathological cases.

Interestingly, in Patho 2 outflow changes from Z1 and Z2 could be represented simply as two straight lines with opposite slopes during the portions of expiration considered. This explains the absence of phase IV in the corresponding single-breath nitrogen washout test. On the contrary in the normal case the outflow curves from Z1 and Z2 showed an abrupt inflection in the final part of expiration. For a given lung volume, flow from Z2 suddenly decreased and that from Z1 increased. As a result, the nitrogen concentration of the expired gas increased abruptly, producing an unambiguous phase IV in the single-breath test. Patho 1 showed an intermediate pattern: the outflow curves from Z1 and Z2 did not approximate straight lines; there was a slope change, but the inflection was not so evident.

The slope of phase III significantly changed with increasing obstruction of small airways. The rate of emptying of each zone was determined by its time constant (RC): the larger the time constant, the longer it took to empty. The zone was therefore slow to empty if resistance increased.

Analysis of these results suggests that the proposed model may be useful for investigating the key mechanisms involved in determining different behaviours of the curve observed during the single breath nitrogen test. However, the model has limits due to simplification. A small number of zones is included in the model with respect to real lung structure. Real lungs branch at a number of levels (from the trachea to the alveolar ducts), in contrast to the single branching of the proposed model. Besides, the distributed changes in viscoelastic characteristics of the conducting airways are basically represented using three compartments in series. Finally, the respiratory region is modelled simply as a parallel combination of spring and dashpot. Although a simplified structure is assumed, the number of model parameters is still too large to be determined from the measured data. Selection of the set of parameters explaining the results is therefore to some degree arbitrary and certainly does not exclude other combinations.

Gravity is not explicitly included in the present model, for the sake of simplicity. However, it is remarked that 1) most of the methods for measuring regional ventilation have found that ventilation distribution cannot be accounted for by gravity alone since a large heterogeneity of ventilation within isogravitational planes was observed \[[@R22]\], and 2) the effect of gravity on heterogeneity of respiratory mechanics and gas transport can be seen as incorporated in the different mechanical properties of the lung zones.

4.. CONCLUSION
==============

The single-breath nitrogen-washout curve is a reliable test for measuring uneven lung ventilation, which increases in most types of lung disease. In the present study a nonlinear dynamic functional model of breathing mechanics was proposed to reproduce the test in different pathophysiological conditions. The simulation obtained with the model showed that phase III slope depends on nitrogen concentration differences between lung zones, as determined by different mechanical properties in the respiratory region of airways.

The normal simulated case showed well-defined phases III and IV. In this condition the slope of the single-breath nitrogen-washout curve remained constant during phase III and the corresponding increase in nitrogen concentration was about 1.1% per 1000 ml of expired volume. Thus a straight line could be used to approximate changes in the fractional concentration of nitrogen in the exhaled volume during phase III and the last point of departure of the nitrogen trace from this line marked the onset of phase IV.

The slope of phase III progressively increased with the severity of pathology, reflecting much more uneven dilution of alveolar gas by the inspired pure oxygen. The distinction between phases III and IV also became less evident as pathological condition worsened.

These preliminary results indicate that a nonlinear model incorporating two parallel zones, each divided into different series segments, can reproduce a variety of experimental data usually obtained by the single-breath nitrogen washout test in different patients. Simulations performed using the model provided quantitative information about main mechanisms involved in determining the slope of the single-breath nitrogen washout curve during phase III. The fact that the results of these simulations are consistent with the usual results of SBNW test in real situations encourages use of the model to investigate other features that may influence the slope of phase III and the causes determining the presence or absence of phase IV.

In conclusion, although the proposed model is a simplified functional representation of the bronchial tree, it seems to retain key aspects of breathing mechanics which are essential for reproducing and interpreting changes observed during the single-breath nitrogen washout test in normal and pathological patients. The present model appears also useful for teaching and training applications.
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GLOSSARY
========

*v~cZi~*

:    = Volume of intermediate airways in zone Zi

*v~lZi~*

:    = Alveolar volume in zone Zi

*v*

:    = Overall lung volume, given by $v = {\sum\limits_{i = 1}^{2}\left( {v_{\mathit{lZi}} + v_{\mathit{cZi}}} \right)}$

TLC

:    = Total lung capacity

TLC~Zi~

:    = Total lung capacity of zone Zi

RV

:    = Residual volume

RV~Zi~

:    = Residual volume of zone Zi

$\overset{\cdot}{v}$

:    = Mouth flow rate

${\overset{\cdot}{v}}_{0}$

:    = Desired value of expired mouth flow rate during the single-breath washout test

${\overset{\cdot}{v}}_{Zi}$

:    = Flow rate leaving zone Zi

${\overset{\cdot}{v}}_{lZi}$

:    = Flow rate leaving the respiratory region of zone Zi

${\overset{\cdot}{v}}_{l}$

:    = Total airflow rate from the respiratory region $\left( {= {\overset{\cdot}{v}}_{\mathit{lZ1}} + {\overset{\cdot}{v}}_{\mathit{lZ2}}} \right)$

ptm~Zi~

:    = Transmural pressure in the intermediate airways of zone Zi

*p~ElZi~*

:    = Difference between alveolar pressure and pleural pressure in zone Zi

*P~pl~*

:    = Pleural pressure

*R~uZi~*

:    = Resistance of upper airways in zone Zi

*R~iZi~*

:    = Resistance of intermediate airways in zone Zi

*R~sZi~*

:    = Resistance of smaller airways in zone Zi

*R~lZi~*

:    = Resistance of the respiratory region in zone Zi

*E~awZi~*

:    = Elastance of intermediate airways in zone Zi

*E~lZi~*

:    = Elastance of the alveolar space in zone Zi

*F*~N2~

:    = Fractional concentration of nitrogen in expired mixed gas

*F~n2lZi~*

:    = Nitrogen fractional concentration in the respiratory region of zone Zi
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APPENDIX
========

A.1. Tracheobronchial Tree Model
--------------------------------

Upper airways are described using a nonlinear Rohrer resistor:

$$R_{\mathit{uZi}} = k_{1\mathit{Zi}} + k_{\mathit{2Zi}}{\overset{\cdot}{v}}_{\mathit{Zi}}$$

where constants *k~1Zi~* and *k~2Zi~* are parameters empirically describing the pressure-flow relationship \[[@R18]\].

The intermediate airways are represented as a collapsible segment of constant length \[[@R13]\], the volume (*v~cZi~*) of which varies with transmural pressure (*ptm~Zi~*) according to a sigmoidal elastic curve based on that proposed by Lambert \[[@R19]\]:

$$\begin{matrix}
{v_{\mathit{cZi}} = \left( {v_{c\quad\mathit{\max}\quad\mathit{Zi}}\quad.\mathit{vo}_{c\quad\mathit{\min}\quad\mathit{Zi}}} \right).\left( {1 - \frac{\mathit{vo}l_{\mathit{cZi}}.v_{c\quad\mathit{\max}\quad\mathit{Zi}}.\quad\left( {\mathit{pt}m_{\mathit{Zi}} - pf_{\mathit{cZi}}} \right)}{n1_{\mathit{cZi}}.\left( {v_{c\quad\mathit{\max}\quad\mathit{Zi}}\quad.\quad vo_{\mathit{Zi}}\quad - vc_{\mathit{\min}\quad\mathit{Zi}}} \right)}} \right)^{- n1_{\mathit{cZi}}} + v_{c\quad\mathit{\min}\quad\mathit{Zi}}\mathit{for}\quad\mathit{pt}m_{\mathit{Zi}} < pf_{\mathit{cZi}}} \\
{v_{\mathit{cZi}} = v_{c\quad\mathit{\max}\quad\mathit{Zi}}\quad.\left( {1 - \left( {1 - \mathit{vo}_{\mathit{cZi}}} \right).\left( {1 - \mathit{vo}1_{\mathit{cZi}}.\frac{\mathit{pt}m_{\mathit{Zi}} - pf_{\mathit{cZi}}}{n2_{\mathit{cZi}}.\left( {vo_{\mathit{cZi}} - 1} \right)}} \right)^{- n2_{\mathit{cZi}}}} \right)\mathit{for}\quad\mathit{pt}m_{\mathit{Zi}}pf_{\mathit{cZi}}} \\
\end{matrix}$$

$\mathit{where}\quad\mathit{vo}_{\mathit{cZi}} = \left( {v_{\mathit{cZi}}/v_{c\quad\mathit{\max}\quad\mathit{Zi}}} \right)\left| {{\mathit{pt}m_{\mathit{Zi}} = pf_{\mathit{cZi}}}_{.}\mathit{and}\quad\mathit{vol}_{\mathit{cZi}} = \left( {\mathit{dv}_{\mathit{cZi}}/\mathit{dv}_{c\quad\mathit{\max}\quad\mathit{Zi}}} \right)} \right|\ {\mathit{ptm}_{\mathit{Zi}} = \mathit{pf}_{\mathit{cZi}}}_{.}$ , while *v~c~*~max*Zi*~ and *v~c~*~min*Zi*~ are maximum and minimum admissible volumes of air in these airways, *pf~cZi~* is the value of *ptm~Zi~* at the inflexion point and *n*1~*cZi*~ and *n*2~*cZi*~ are constants. (Note: Although intermediate airway volume is negligible with respect to overall lung volume during a vital-capacity maneuver (only a few percent \[[@R5]\]), it is considered to evaluate the elastic and viscous properties of this airway segment).

Smaller airways are represented by a nonlinear resistance (*R~sZi~*) which increases when transpulmonary pressure (*p~ElZi~*) decreases. When *p~ElZi~* falls below the threshold value (*p*~t*sZi*~), they collapse; i.e. their resistance goes to infinity and the airflow out of the alveoli (${\overset{\cdot}{v}}_{\mathit{lZi}}$) is zero. Residual volume was assumed to be the volume of air in the lungs when the smaller airways are completely closed. For *p~ElZi~* ≥ *p*~t*sZi*~ smaller airways resistance is given by:

$$R_{\mathit{sZi}} = \left( {R_{\mathit{ts}\quad\mathit{Zi}} - R_{s\quad\mathit{\min}\quad\mathit{Zi}}} \right).\left( {1 - \frac{S_{\mathit{ts}\quad\mathit{Zi}}\quad.\left( {p_{\mathit{ts}\quad\mathit{Zi}} - p_{\mathit{ElZi}}} \right)}{n_{\mathit{sZi}}.\left( {R_{\mathit{ts}\quad\mathit{Zi}} - \quad R_{s\quad\mathit{\min}\quad\mathit{Zi}}} \right)}} \right)^{- n_{\mathit{sZi}}} + R_{s\quad\mathit{\min}\quad\mathit{Zi}}$$

where *R*~t*sZi*~ and *S*~t*sZi*~ are smaller airways resistance and its slope when transpulmonary pressure is equal to its threshold value, respectively, while *R~s~*~min*Zi*~ is the minimum value of smaller airways resistance and *n~sZi~* is a constant. In simulating a vital-capacity inspiration, we assumed that the smaller airways resistance again becomes finite and is described by equation (A3) when pleural pressure equals --*p*~t*sZi*~.

The elastance of the alveolar space (*E~lZi~*) is obtained by differentiating *p~ElZi~* with respect to *v~lZi~*, where the relationship between *v~lZi~* and *p~ElZi~* is represented by an exponential curve based on the Glaister equation \[[@R20]\]:

$$v_{\mathit{lZi}} = v_{l\quad\mathit{\max}\quad\mathit{Zi}} - \left( {v_{l\quad\mathit{\max}\quad\mathit{Zi}} - v_{\mathit{flZi}}} \right).e^{- k_{\mathit{lZi}}.{({p_{\mathit{ElZi}} - \mathit{pf}_{\mathit{lZi}}})}}$$

where *v~l~*~max*Zi*~ is the maximum admissible volume of air in the alveolar space of the *i*-th zone, *pf~lZi~* and *vf~lZi~* are the values of *p~ElZi~* and *v~lZi~* when the smaller airways completely close and *k~lZi~* is a constant proportional to the slope of the curve at *pf~lZi~*.

A.2. Intrapleural Pressure Time Course
--------------------------------------

A.2.1. Tidal Respiration
------------------------

The time course of intrapleural pressure during a tidal breath is divided into three parts. At the beginning of inspiration (*t* = 0 and lung volume = functional residual capacity, FRC), pleural pressure equals its rest value, *Ppl~FRC~*. During inspiration it decreases and reaches a minimum at *t* =* t~Ppl~*~min~. During expiration, it rises, reaching *Ppl~FRC~* after a set time interval Δ*t*, whereupon it remains constant until the next inspiration. In detail

$$\begin{matrix}
{\mathit{Ppl} = \mathit{Ppl}_{\mathit{FRC}} + \frac{{\Delta\mathit{Ppl}}_{\mathit{FRC}}\quad}{t_{\mathit{Ppl}\quad\mathit{\min}}}.t^{2} - 2.\frac{{\Delta\mathit{Ppl}}_{\mathit{FRC}}}{t_{\mathit{Ppl}\quad\mathit{\min}}}.t} \\
{\mathit{for}\quad 0{\leq\ t\ \leq}\quad_{\mathit{Ppl}\quad\mathit{\min}},} \\
\end{matrix}$$

$$\begin{matrix}
{\mathit{Ppl} = \mathit{Ppl}_{\mathit{FRC}} - \frac{{\Delta\mathit{Ppl}}_{\mathit{FRC}}\quad}{{\Delta t}^{2}}.t^{2} + 2.\frac{{\Delta\mathit{Ppl}}_{\mathit{FRC}}.\left( {t_{\mathit{Ppl}\quad\mathit{\min}} + \Delta t} \right)}{{\Delta t}^{2}}.t - \frac{{\Delta\mathit{Ppl}}_{\mathit{FRC}}.\left( {t_{\mathit{Ppl}\quad\mathit{\min}} + \Delta t} \right)^{2}}{{\Delta t}^{2}}} \\
{\mathit{for}\quad t_{\mathit{Ppl}\quad\mathit{\min}}{\leq\ t\ \leq}\quad_{\mathit{Ppl}\quad\mathit{\min}}\quad + \Delta t,} \\
\end{matrix}$$

$$\begin{matrix}
{\mathit{Ppl} = \mathit{Ppl}_{\mathit{FRC}}} \\
{\mathit{for}\quad t_{\mathit{Ppl}\quad\mathit{\min}} + {\Delta\ t}{\leq\ t\ \leq}\quad + T,} \\
\end{matrix}$$

where *T* is the respiratory period and Δ*Ppl~FRC~* is the total variation in intrapleural pressure during the time interval from 0 to *t~Ppl~*~min~. During each simulation, 20 respiratory cycles were reproduced to reach a steady-state periodic condition \[[@R23]\].

A.2.2. Expiration to Residual Volume.
-------------------------------------

After a tidal inspiration, described by equation (A5), an expiration was simulated to residual volume, using the following relationship for intrapleural pressure:

$$\begin{matrix}
{\mathit{Ppl} = \mathit{Ppl}_{\mathit{FRC}}\quad + \frac{{\Delta\mathit{Ppl}}_{\mathit{RV}}}{2}.\mathit{\sin}\left( {\frac{\pi}{{\Delta t}_{\mathit{RV}}}t + \frac{3\pi}{2} - \frac{\pi}{{\Delta t}_{\mathit{RV}}}.t_{\mathit{Ppl}\quad\mathit{\min}}} \right) + \frac{{\Delta\mathit{Ppl}}_{\mathit{RV}}}{2} - {\Delta\mathit{Ppl}}_{\mathit{FRC}}} \\
{\mathit{for}\quad t_{\mathit{Ppl}\quad\mathit{\min}}{\leq\ t\ \leq}\quad_{\mathit{Ppl}\quad\mathit{\min}}\quad + {\Delta t}_{\mathit{RV}}} \\
\end{matrix}$$

where Δ*Ppl~RV~* is the total variation in intrapleural pressure from *t~Ppl~*~min~ to *t~Ppl~*~min~ + Δ*t~RV~*. Intrapleural pressure reaches its maximum (*Ppl~FRC~* + Δ*Ppl~RV~* -- Δ*Ppl~FRC~*) at the end of maximum expiration which occurs at *t~Ppl~*~min~ + Δ*t~RV~*.

A.2.3. Single-breath Nitrogen Washout Test
------------------------------------------

The single-breath nitrogen washout maneuver consists of two parts. After reaching a steady state breathing air, the subject inspires 100% oxygen from residual volume to total lung capacity (vital-capacity inspiration). After a momentary pause at TLC, the individual exhales very slowly to RV (slow vital-capacity expiration). During the vital-capacity inspiration from RV (*t* = 0) to TLC (*t* = *t~TLC~*) the time course of intrapleural pressure is modelled as

$$\mathit{Ppl} = \mathit{Ppl}_{\mathit{FRC}} - \frac{{\Delta\mathit{Ppl}}_{\mathit{TLC}}}{t_{\mathit{TLC}}}.t.\mathit{\exp}\left( {1 - t/t_{\mathit{TLC}}} \right) + \Delta\mathit{Ppl}_{\mathit{RV}} - \Delta\mathit{Ppl}_{\mathit{FRC}}$$

which implies a total variation in *Ppl* equal to Δ*Ppl~TLC~*.

During the slow vital-capacity expiration a feedback integral controller was used to obtain a nearly constant expiratory airflow. Thus in this time interval intrapleural pressure behaves as a further state variable and the system is described by a further differential equation

$$\frac{\mathit{dPpl}}{\mathit{dt}} = - k_{C}\quad\left( {{\overset{\cdot}{v}}_{0} - {\overset{\cdot}{v}}_{0}} \right)$$

where $\overset{\cdot}{v}$ and ${\overset{\cdot}{v}}_{\mathit{0}}$ are the actual and desired constant expiratory airflow rates, respectively, while *k*~C~ is a constant large enough to reach ${\overset{\cdot}{v}}_{\mathit{0}}$ in a sufficiently short time. The initial value of this additional state variable *Ppl* was taken as being equal to intrapleural pressure at *t* = *t~TLC~*, while *k*~C~ was set at 10^4^ cmH~2~O l^-1^.

![Electrical analog of the nonlinear lumped model of the human lung. Parallel heterogeneities are taken into account by dividing the pulmonary system into two parallel zones, while series heterogeneities are described by different series segments of the tracheobronchial tree.](TOBEJ-7-81_F1){#F1}

![Elastic characteristics of the respiratory region of lung zones Z1 and Z2 in normal and pathological cases. The percentage volume of each zone (with respect to its maximum admissible volume) is plotted against transpulmonary pressure.](TOBEJ-7-81_F2){#F2}

![Elastic characteristics of the intermediate airways. The percentage volume of air in these airways (with respect to their maximum admissible volume) is plotted against transmural pressure.](TOBEJ-7-81_F3){#F3}

![Fractional concentration of nitrogen in exhaled volume for the three simulated cases starting from the beginning of phase III.](TOBEJ-7-81_F4){#F4}

![Outflow from Z1 and Z2 as a function of total lung volume for normal (a) and pathological (b and c) cases.](TOBEJ-7-81_F5){#F5}

###### 

Model Parameter Values

  Zone                                   Quantity                    Parameter                    Case                
  -------------------------------------- --------------------------- ---------------------------- --------- --------- ---------
  1                                      *RuZ1*                      *k1Z1* \[cmH~2~O s l^-1^\]   2.5       1.25      0.909
  *k2Z1* \[cmH~2~O s2 l^-2^\]            5                           1.25                         0.661               
  *vcZ1*                                 *vc*max*Z1* \[l\]           0.02                         0.04      0.055     
  *vc*min*Z1* \[l\]                      6.4e-4                      1.28e-3                      1.76e-3             
  *vocZ1* \[-\]                          0.6                         0.6                          0.6                 
  *vo*1*cZ1* \[l cmH~2~O^-1^\]           0.04                        0.04                         0.04                
  *pfcZ1* \[cmH~2~O\]                    -5                          -5                           -5                  
  *n*1*cZ1* \[-\]                        4                           4                            4                   
  *n*2*cZ1* \[-\]                        1e4                         1e4                          1e4                 
  *RiZ1*                                 *k3Z1* \[cmH~2~O s l\]      6e-4                         1.2e-3    1.65e-3   
  *RsZ1*                                 *RtsZ1* \[cmH~2~O l-1 s\]   100                          100       100       
  *Rs*min*Z1* \[cmH~2~O l^-1^ s\]        4e-3                        4e-3                         4e-3                
  *StsZ1* \[s l^-1^\]                    530.3                       53.03                        29.7                
  *ptsZ1* \[cmH~2~O\]                    0.01                        0.01                         0.01                
  *nsZ1* \[-\]                           2.69                        2.69                         2.69                
  *vlZ1*                                 *vl*max*Z1* \[l\]           1.28                         2.56      3.52      
  *pflZ1* \[cmH~2~O\]                    0.01                        0.01                         0.01                
  *vflZ1* \[l\]                          0.64                        1.78                         2.86                
  *klZ1* \[cmH~2~O^-1^\]                 0.286                       0.286                        0.314               
  *RlZ1*                                 *k4Z1* \[cmH~2~O s\]        1.36                         1.36      1.36      
  2                                      *RuZ2*                      *k1Z2* \[cmH~2~O s l^-1^\]   0.625     0.833     1.11
  *k2Z2* \[cmH~2~O s2 l^-2^\]            0.313                       0.556                        0.988               
  *vcZ2*                                 *vc*max*Z2* \[l\]           0.08                         0.06      0.045     
  *vc*min*Z2* \[l\]                      2.56e-3                     1.92e-3                      1.44e-3             
  *vocZ2* \[-\]                          0.6                         0.6                          0.6                 
  *vo*1*cZ2* \[l cmH~2~O^-1^\]           0.04                        0.04                         0.04                
  *pfcZ2* \[cmH~2~O\]                    -5                          -5                           -5                  
  *n*1*cZ2* \[-\]                        4                           4                            4                   
  *n*2*cZ2* \[-\]                        1e4                         1e4                          1e4                 
  2                                      *RiZ2*                      *k3Z2* \[cmH~2~O s l\]       2.4e-3    1.8e-3    1.35e-3
  *RsZ2*                                 *RtsZ2* \[cmH~2~O l-1 s\]   100                          100       100       
  *Rs*min*Z2* \[cmH~2~O l^-1^ s\]        4e-3                        4e-3                         4e-3                
  *StsZ2* \[s l^-1^\]                    1.56e3                      1.77e2                       74.24               
  *ptsZ2* \[cmH~2~O\]                    1.01                        1.01                         1.01                
  *nsZ2* \[-\]                           2.69                        2.69                         2.69                
  *vlZ2*                                 *vl*max*Z2* \[l\]           5.12                         3.84      2.88      
  *pflZ2* \[cmH~2~O\]                    1.01                        1.01                         1.01                
  *vflZ2* \[l\]                          0.96                        0.72                         0.54                
  *klZ2* \[cmH~2~O^-1^\]                 0.136                       0.136                        0.136               
  *RlZ2*                                 *k4Z2* \[cmH~2~O s\]        1.36                         1.36      1.36      
  *vl*max*Z1* +*vl*max*Z2* ≈ TLC \[l\]   6.4                         6.4                          6.4                 
  *vflZ1* +*vflZ2* ≈ RV \[l\]            1.6                         2.5                          3.4                 
